Introduction {#s1}
============

The development of optical coherence tomography angiography (OCTA) has enabled noninvasive measurements of vascular changes in the retinal layers, and this new tool has been increasingly used in retinal diseases and glaucoma.[@i2164-2591-8-4-12-b01][@i2164-2591-8-4-12-b02][@i2164-2591-8-4-12-b03]--[@i2164-2591-8-4-12-b04] Several previous studies have investigated the vessel density in the peripapillary area or parafoveal region with OCTA in patients with glaucoma.[@i2164-2591-8-4-12-b05][@i2164-2591-8-4-12-b06][@i2164-2591-8-4-12-b07][@i2164-2591-8-4-12-b08]--[@i2164-2591-8-4-12-b09] Some of these studies have shown that the abnormal vessel density in OCTA has a significant association with glaucomatous optic nerve damage, although it has been controversial whether these abnormal vascular density in glaucoma are the primary cause of the disorder or secondary changes due to the disorder.[@i2164-2591-8-4-12-b07],[@i2164-2591-8-4-12-b08],[@i2164-2591-8-4-12-b10]

Chung et al.[@i2164-2591-8-4-12-b01] and Rao et al.[@i2164-2591-8-4-12-b11] showed that the diagnostic abilities of vascular densities in the peripapillary and macular regions measured using OCTA in patients with glaucoma were significantly lower than those using structural measurements of the peripapillary retinal nerve fiber layer (RNFL) obtained by OCT; this study speculated that the automatic software provided by the OCTA manufacturer might be one of the factors responsible for the low diagnostic abilities of the vessel parameters as measured by OCTA in glaucoma. In fact, the OCTA superficial image shows the superficial capillary network around the fovea. It extends from the internal limiting membrane (ILM) to 15.6 μm under the boundary between the inner plexiform layer (IPL) and inner nuclear layer (INL). This layer included the ILM, RNFL, ganglion cell layer (GCL), IPL, and the part of INL.[@i2164-2591-8-4-12-b11] We would like to highlight that merged multiple layer analysis from the previous study may not reflect specific vessel density of each layer and/or interfere original vessel density of each layer. Therefore, there was limitation and inaccuracy for discovering the correlation between vessel OCTA parameters and glaucoma diagnosis.

However, with the recent developments in OCTA software, it is possible to segment the macular vessel density and to measure the vessel density layer-by-layer. Therefore, in this study, we analyzed the macular vessel density layer-by-layer and compared the diagnostic ability of each for detection of glaucoma.

Material and Methods {#s2}
====================

This study was approved by the institutional review board (Pusan National University Yangsan Hospital, Yangsan, South Korea). After the purposes and procedures of the study had been fully explained, each patient gave consent to participate in the study. All testing was conducted in accordance with the tenets of the Declaration of Helsinki.

This was a prospective, cross-sectional, comparative study, and the present study was carried out in a glaucoma referral center. The study participants were primary open-angle glaucoma patients undergoing treatment with drugs, and age-matched normal controls who visited our clinic for regular eye examinations for refractive errors. Patients with open-angle glaucoma detected by gonioscopic examination and normal controls with no history of ocular diseases, intraocular pressure (IOP) ≤ 21 mm Hg, absence of a glaucomatous optic disc, and a normal visual field (VF) were included in the study. Glaucoma was defined as the following criteria: asymmetric cup-to-disc ratio ≥ 0.2, vertical cup-to-disc ratio \> 0.7, neural rim thinning, localized notching, disc hemorrhage, and RNFL defects with corresponding glaucomatous VF defects.[@i2164-2591-8-4-12-b12][@i2164-2591-8-4-12-b13]--[@i2164-2591-8-4-12-b14] Subjects were excluded if they had best-corrected visual acuity (BCVA) less than 20/40, a refractive error outside the range of --6.0 to +3.0 diopters, astigmatism beyond ± 3.0 diopters, previous ocular trauma, ocular surgery or laser treatment, or a history of ocular or systemic disease that could affect the optic nerve or VF.

Each subject underwent a complete ophthalmologic examination that included BCVA measurements, slit-lamp examination, gonioscopy, IOP measurement with the Goldmann applanation tonometer, fundus examination, and stereo optic nerve evaluation with a 90-diopter lens. Red-free fundus photography using a nonmydriatic fundus camera (Canon CR-2, Canon, Tokyo, Japan), OCTA measurements using Topcon Atlantis (DRI OCT-1, Topcon, Tokyo, Japan), and automated VF examination using the Humphrey 740 Visual Field Analyzer (Carl Zeiss Meditec, Dublin, CA) were performed on all subjects. We defined glaucomatous VFs based on the presence of two of the following criteria: (1) an abnormal glaucoma hemi-field test result (a borderline score was not considered abnormal); (2) three continuous nonedge points (allowing the two-step nasal edge points) with *P* \< 0.05 on the total deviation plot, with at least one point having *P* \< 0.01; (3) *P* \< 0.05 for the pattern standard deviation (PSD) on the Swedish Interactive Threshold Algorithm (SITA) Standard test.

OCTA Data Acquisition and Processing {#s2a}
------------------------------------

Images were obtained using a DRI OCT Atlantis swept source-optical coherence tomography (SS-OCT) device (Topcon). SS-OCT uses infrared light with a wavelength of 1050 nm, which is longer than that of conventional spectral domain-optical coherence tomography (SD-OCT), at 100,000 axial scans (A scans) per second. This longer infrared light source has the advantage of deep signal penetration through the retina and choroid. Its axial and transversal resolutions in the tissue are 7 and 20 μm, respectively. Volumetric OCT scans were performed with 6 × 6 mm cubes. Each cube consisted of 320 clusters of four repeated two-dimensional transverse scans (B scans) centered on the fovea. We detected moving objects (mostly blood flow) by measuring intensity fluctuations from these repeatedly scanned OCT images. In this technique, called OCT angiography ratio analysis (OCTARA), calculations are based on the ratio of the intensity values across points within one scan and identical points in repeated scans. We performed automated segmentation using OCT software to separate each layer of the retina. The en face images of the superficial capillary network were derived from an en face slab ranging from the ILM to the inner border of the INL. The automated segmentation software for Atlantis SS-OCT identified four different retinal boundaries: inner limiting membrane, boundaries between the RNFL and the GCL, the GCL and the IPL, and the IPL and the INL. The vessel density in each RNFL, GCL, and IPL layer was obtained. In addition, we investigate the inner, outer, and both vessel densities, centered on the GCL by adjusting auto-segmented layers. We could obtain various vessel densities values based on single retina layer and two or more overlapped retina layer, and finally, we could evaluate the six-layer vessel densities, respectively: (1) RNF--GC--IPL, (2) RNF--GCL, (3) RNFL, (4) GC--IPL, (5) GCL, and (6) IPL segments.

The macular vessel density map was analyzed over a 3 × 3 mm annulus area centered on the macula. The parafoveal region was also divided into four sectors, namely, the nasal, inferior, superior, and temporal sectors, and the average vessel density of each layer was obtained by averaging the measurements of the four sectors ([Fig. 1](#i2164-2591-8-4-12-f01){ref-type="fig"}).

![Division of the segmented parafoveal retinal layer using optical coherence tomographic angiography in a normal subject. The automated software demonstrated the four vessel density parameters in the 3 × 3 mm circular scan area, divided into the nasal, inferior, superior, and temporal sectors. In addition, since the automated program could also show the inner limiting membrane (orange solid line) and the boundaries between the RNFL and the GCL (orange dot line), between the GCL and the IPL (upper green line), and between the IPL and the INL (lower green line), we performed a segmented layer-by-layer analysis in the inner retinal layers.](i2164-2591-8-4-12-f01){#i2164-2591-8-4-12-f01}

Statistical Analysis {#s2b}
--------------------

The assumption of data normality was tested using the Kolmogorov-Smirnov test. The Student\'s *t*-test or the Mann-Whitney *U* test was used to compare continuous data. One-way analysis of variance test was used for comparison of OCTA vessel density and OCT measurements among the normal control, mild, and moderate-to-severe glaucoma group. Multiple comparisons with Bonferroni adjustments were used for pairwise comparisons. *P* values \< 0.05 were considered statistically significant. The Pearson-Spearman correlation test was used to investigate the correlation between the VF parameters and the vessel density of each layer. Receiver operating characteristic (ROC) curves were used to describe the ability of vessel density obtained from OCTA to differentiate glaucoma from normal controls. Area under the ROC curve (AUROC) was calculated to assess the diagnostic accuracy of each measurement. An AUROC of 1.0 represented perfect discrimination, whereas an AUROC of 0.5 represented chance discrimination. The method described by DeLong et al.[@i2164-2591-8-4-12-b15] was applied to compare the AUROCs. Statistical analyses were performed with SPSS for Windows 21.0 (SPSS, Inc., Chicago, IL) and Medcalc version 10.0 (Medcalc Software; Ostend, Mariakerke, Belgium).

Results {#s3}
=======

This study enrolled 58 glaucomatous eyes of 58 participants and 52 healthy eyes of 52 normal subjects. The demographic data of the subjects are summarized in [Table 1](#i2164-2591-8-4-12-t01){ref-type="table"}. Mean deviation (MD), PSD, and VF index (VFI) in the glaucoma group were lower than those in normal subjects. There were no significant differences regarding other demographic and ocular factors including age, sex, spherical equivalent, corneal thickness, and history of diabetes mellitus and systemic hypertension between the two groups.

###### 

Demographics and Ocular Characteristics of Participants With Primary Open Angle Glaucoma and Normal Subjects

                                               Glaucoma (58 Eyes)   Normal Subjects (52 Eyes)  *P*
  ------------------------------------------- -------------------- --------------------------- ---------
  Age, mean ± SD (years)                         55.32 ± 15.37            57.27 ± 17.35        0.495
  Sex (M/F)                                          38/20                    27/25            0.148
  Spherical equivalent, mean ± SD (D)             −1.05 ± 2.45            −0.34 ± 2.37         0.123
  Central corneal thickness, mean ± SD (μm)      552.34 ± 40.05          555.81 ± 35.61        0.675
  Diabetes mellitus (yes/no)                         11/47                    10/42            0.972
  Hypertension (yes/no)                              13/45                    6/46             0.132
  MD, mean ± SD (dB)                             −11.03 ± 8.62            −0.40 ± 0.97         \<0.001
  PSD, mean ± SD (dB)                             9.98 ± 4.55              1.53 ± 0.43         \<0.001
  VFI, mean ± SD (%)                             64.94 ± 27.11            99.01 ± 1.03         \<0.001

M, Male; F, Female.

The OCTA vessel density parameters in the RNF--GC--IPL, RNF--GCL, RNFL, GC--IPL, GCL, and IPL segments, and OCT measurements in peripapillary and parafoveal area in patients with glaucoma and normal subjects are presented in [Table 2](#i2164-2591-8-4-12-t02){ref-type="table"}. Significant differences among mild glaucoma, moderate-to-severe glaucoma, and normal controls were found in vessel density in all segments, the peripapillary RNFL thickness, and macular thickness in GC-IPL and RNF-GC-IPL. The average vessel densities of all segments, except RNFL in the glaucoma group, were significantly lower than that in normal subjects. Conversely, the average vessel density in the RNFL in the glaucoma group was significantly higher than that in normal subjects (*P* \< 0.001).

###### 

Average Vessel Density (Range) Obtained by Optical Coherence Tomographic Angiography and Structural Parameters Measured by OCT in Primary Open Angle Glaucoma and Normal Subjects

                                              Mild Glaucoma (20 Eyes)   Moderate-to-Severe Glaucoma (38 Eyes)   Normal Subjects (52 Eyes)
  ------------------------------------------- ------------------------- --------------------------------------- ---------------------------
  Average vessel density in RNF-GC-IPL        43.17 (42.03--44.28)      42.04 (41.11--42.98)                    44.17 (43.68--44.65)
  Average vessel density in RNF-GCL           41.11 (40.33--41.95)      40.55 (39.54--41.57)                    41.78 (41.27--42.32)
  Average vessel density in RNFL              44.88 (43.29--46.50)      46.64 (44.60--48.68)                    43.04 (42.48--43.67)
  Average vessel density in GC-IPL            43.49 (42.26--44.63)      41.76 (40.92--42.54)                    44.65 (44.17--45.13)
  Average vessel density in GCL               41.12 (40.20--42.08)      40.26 (39.30--41.18)                    42.05 (41.58--42.55)
  Average vessel density in IPL               43.54 (42.40--44.65)      41.98 (41.16--42.71)                    44.25 (43.80--44.67)
  Average peripapillary RNFL thickness (μm)   72.38 (62.71--81.27)      56.10 (50.77--61.73)                    106.90 (104.09--109.94)
  Average thickness in GC-IPL (μm)            72.97 (67.45--78.67)      60.65 (56.08--65.63)                    87.41 (85.09--89.67)
  Average thickness in RNF-GC-IPL (μm)        98.05 (91.61--104.45)     85.48 (80.80--90.56)                    115.41 (112.08--119.26)

###### 

Extended

                                              *P* Value                       
  ------------------------------------------- ----------- --------- --------- -------
  Average vessel density in RNF-GC-IPL        \<0.001     0.356     \<0.001   0.005
  Average vessel density in RNF-GCL           0.045       0.814     0.035     0.455
  Average vessel density in RNFL              \<0.001     0.178     \<0.001   0.139
  Average vessel density in GC-IPL            \<0.001     0.167     \<0.001   0.002
  Average vessel density in GCL               \<0.001     0.379     \<0.001   0.344
  Average vessel density in IPL               \<0.001     0.551     \<0.001   0.005
  Average peripapillary RNFL thickness (μm)   \<0.001     \<0.001   \<0.001   0.002
  Average thickness in GC-IPL (μm)            \<0.001     \<0.001   \<0.001   0.001
  Average thickness in RNF-GC-IPL (μm)        \<0.001     \<0.001   \<0.001   0.005

Correlation analyses between the OCTA vessel density parameters and functional parameters (MD, PSD, and VFI) in patients with glaucoma are provided in [Table 3](#i2164-2591-8-4-12-t04){ref-type="table"}. There was a significantly positive correlation between the MD and vessel density in the RNF--GC--IPL, GCL--IPL, and IPL (*r* = 0.294, 0.515, and 0.300, respectively) and between the VFI and vessel density in the RNF--GC--IPL, GC--IPL, and IPL (*r* = 0.299, 0.538, and 0.364, respectively).

###### 

Pearson Correlation Coefficients Between Average Vessel Density and VF Parameters Including MD and PSD

                                         MD (dB)   PSD (dB)   VFI (%)
  -------------------------------------- --------- ---------- ---------
  Average vessel density in RNF-GC-IPL                        
   *r*                                   0.294     −0.224     0.299
   *P*                                   0.029     0.100      0.037
  Average vessel density in RNF-GCL                           
   *r*                                   0.031     −0.127     0.023
   *P*                                   0.823     0.356      0.877
  Average vessel density in RNFL                              
   *r*                                   −0.211    0.048      −0.250
   *P*                                   0.122     0.729      0.084
  Average vessel density in GC-IPL                            
   *r*                                   0.515     −0.264     0.538
   *P*                                   \<0.001   0.052      \<0.001
  Average vessel density in GCL                               
   *r*                                   0.054     −0.155     0.120
   *P*                                   0.697     0.259      0.411
  Average vessel density in IPL                               
   *r*                                   0.300     −0.116     0.364
   *P*                                   0.026     0.397      0.010

The diagnostic abilities of the OCTA vessel density parameters in the glaucoma group and normal subjects are shown in [Figure 2](#i2164-2591-8-4-12-f02){ref-type="fig"}. The average vessel density in the GC-IPL had the best AUROC in terms of discriminating patients with glaucoma from patients with normal eyes, followed by that in the RNF--GC--IPL, IPL, GCL, and RNF-GCL (0.750, 0.708, 0.706, 0.679, and 0.626, respectively). In addition, the AUROC for vessel density in the GC-IPL was significantly greater than for vessel density in the other segments; RNF-GC-IPL, IPL, GCL, and RNF-GCL (*P* = 0.025, 0.041, 0.042, 0.001, respectively). On the other hand, the AUROC for vessel density in RNF-GCL was significantly lower than for the vessel density in RNF-GC-IPL, IPL, and GCL (*P* = 0.019, 0.039, 0.003, respectively).

![ROC curves for vessel density parameters measured by optical coherence tomographic angiography.](i2164-2591-8-4-12-f02){#i2164-2591-8-4-12-f02}

Discussion {#s4}
==========

The present study found that the OCTA vessel density was significantly lower in all segmented areas, except the RNFL layer, in eyes with glaucoma than in normal subjects. In the glaucomatous eye, the OCTA vessel density in RNF--GC--IPL, GC--IPL, and IPL had significant correlation with the MD and VFI as measured on the HVF. Moreover, not only did the OCTA vessel density in GC--IPL show the highest correlation with functional parameters, but it also had the greatest diagnostic ability among the vessel densities in the various segments as measured by OCTA in terms of discriminating primary open-angle glaucoma patients from normal subjects.

Rao et al.[@i2164-2591-8-4-12-b11] compared the diagnostic abilities of OCTA vessel density of the optic nerve head and the peripapillary and macular area in glaucomatous eyes; it was observed that the area under the curve (AUC) of the average vessel densities measured by OCTA within the optic nerve head and the peripapillary and macular regions were 0.77, 0.85, and 0.70, respectively.[@i2164-2591-8-4-12-b11] The study by Chung et al.[@i2164-2591-8-4-12-b01] also showed the average vessel densities in the optic nerve head and the peripapillary and macular areas to be 0.566, 0.807, and 0.651, respectively; moreover, in the analysis of the glaucoma stage, the OCTA vessel density in the macula showed the best diagnostic ability at the severe stage of glaucoma with an AUC of 0.773.[@i2164-2591-8-4-12-b01] However, in these previous studies, the segment used for the macular vessel density analysis was the superficial vascular plexus defined as the area extending from the ILM to the IPL.[@i2164-2591-8-4-12-b01],[@i2164-2591-8-4-12-b11] Although previous studies have demonstrated the ability of macular vessel density on OCTA to diagnose glaucoma, to date, there are no reports comparing the macular vessel density in various layers from the RNFL to the IPL. In fact, analysis of the average OCTA vessel density in the macula in the present study showed that the OCTA vessel density in the GC--IPL had relatively better AUC than that in the RNF-GC-IPL in the present study as well as compared with previous studies.

The present study revealed that the OCTA vessel density in the RNFL in eyes with glaucoma was significantly higher than that in normal subjects. These results may be associated with the variability of the automated measurements of macular RNFL thickness. Kotera et al.[@i2164-2591-8-4-12-b16] suggested that this variability partially led to failure of accurately detecting the outer boundary of the macular RNFL in some sectors, and macular RNFL thickness in glaucoma patients tended to show higher variability than in normal controls. In the present study, when the glaucoma eyes were classified as mild (MD \> −6 dB) or moderate to severe (MD \< −6 dB), the difference of VD in RNFL between normal and mild glaucoma was not statistically significant, but the difference between normal and moderate-to-severe glaucoma was statistically significant. As the glaucomatous damage became more severe, RNFL thickness was thinner than that in normal, and then this segmentation error in severe stage could be more common than in normal or glaucoma suspect. This may be the reason why RNFL thinning in glaucoma is associated with segmentation error in the OCT scanning of the macular area.

In addition, histological studies in glaucoma patients have shown pathological changes in the inner retina, including the RNFL, GCL, and IPL, where ganglion cells are distributed.[@i2164-2591-8-4-12-b17][@i2164-2591-8-4-12-b18]--[@i2164-2591-8-4-12-b19] Further, a decreased GC--IPL thickness on macular OCT and decreased retinal ganglion cell (RGC) function in pattern electroretinography have been detected in glaucoma patients.[@i2164-2591-8-4-12-b20],[@i2164-2591-8-4-12-b21] These glaucomatous changes in the RGC might be associated with modulation of the retinal glial cells, which contribute to the maintenance of the normal function of the ganglion cell by controlling the extracellular environment (including the supply of metabolites) and the vasculature.[@i2164-2591-8-4-12-b22],[@i2164-2591-8-4-12-b23] Recently, it has been shown that the various parameters measured by OCTA can provide evidence of the impairment of the vascular components related with ganglion cell dysfunction in glaucoma.[@i2164-2591-8-4-12-b08],[@i2164-2591-8-4-12-b24]

In our study, we observed that the significant reduction of OCTA vessel density in the GC-IPL in the patients with glaucoma except for RNFL of the superficial vascular plexus. These results show clinical usefulness of OCTA measurements for the diagnosis of glaucoma. The OCTA vessel densities in the RNF--GC--IPL, GC--IPL, and IPL had a significant correlation with the functional parameters, MD and VFI, in the present study. These results agree with those of previous studies.[@i2164-2591-8-4-12-b08],[@i2164-2591-8-4-12-b25] Yarmohammadi et al.[@i2164-2591-8-4-12-b08] suggested that the vascular abnormalities detected by OCTA may better reflect the dysfunctional status of the RGCs than structural measurements alone in glaucomatous eyes. In addition, the highest correlation of the vessel density of the GC--IPL layer among all the inner layers with the functional parameters observed in the present study may be because it has been observed that abnormalities in the RGC soma and dendrites are detected earlier than axonal loss in the early stage of glaucoma.[@i2164-2591-8-4-12-b26],[@i2164-2591-8-4-12-b27]

In the analysis of the parafoveal vessel density using OCTA, the present study also revealed that the vessel density in the superficial vascular plexus representing the RNF--GC--IPL had a lower ability to diagnose glaucoma than the peripapillary vessel density used in other studies,[@i2164-2591-8-4-12-b11],[@i2164-2591-8-4-12-b16] and therefore, it can be considered that the clinical usefulness of macular OCTA in glaucoma is less than that of the peripapillary parameters in the OCTA. However, the present study investigated the vessel density in the various segments through segmentation of the RNFL, GCL, and IPL included in the superficial vascular plexus and found that the OCTA vessel density in the GC-IPL had a greater diagnostic ability to discriminate between glaucomatous and normal eyes compared with the other segments.

There are some limitations in this study. First, since the automated analysis maneuver of vessel density provided by the OCTA machine is based on the Early Treatment Diabetic Retinopathy Study (ETDRS) map, which does not have horizontal borders along the horizontal meridian, the present study could not evaluate the analysis of the sectorial vessel densities in various areas. Second, it was difficult to compare the diagnostic ability of vessel densities of the parafoveal region and the peripapillary area because the software could not measure the vessel density in the peripapillary area. Third, the present study did not measure the systolic, diastolic, and mean blood pressure and evaluate the duration of the hypertension, and the antihypertensive or antidiabetic drugs used in all the participants, and therefore, the effect of systemic drugs on the vascular density in the macula cannot be excluded in spite of the relatively low association observed between blood pressure and retinal vessel density in OCTA in a previous study.[@i2164-2591-8-4-12-b09]

In conclusion, the present study demonstrated that macular vessel density in the GC--IPL has a higher diagnostic ability and better correlation with functional damage in glaucoma than that in the superficial vascular plexus, which is used conventionally. Further studies are needed to improve the diagnostic ability of OCTA using vessel density in the GC--IPL to detect glaucoma.
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